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Abstract 
 
Laser Surface Texturing for Novel Interference Fit Joint Fixation 
Solomon Ubani 
In this project, a new type of manufactured interference fit joint was examined. Interference 
fit joints hold components together in many industries, including the automotive, ICT, and 
aerospace industries. The interference fit joint consists of a pin and a hub region. As the rod 
is inserted into the hub, deformation of the material results in a joint bond strength. Laser 
surface texturing of metal pins for was used for manufacture of interference fit joints. The 
material examined was mild steel EN3B, a carbon steel with a difficult to machine and has 
high melting point. The laser parameters investigated in this study were the laser power, the 
laser scan percentage overlap and the focal position. These have significant effects on the 
resulting surface texture geometry. The peak-to-valley and peak-to-peak displacements can 
be controlled using the laser. The process obtained different surface geometries such as 
groove or moiré stochastic structures. The process parameters and their levels were used to 
alter the specific volume of material raised above the pin surface. Higher volumes 
characteristics resulted in larger interference fit joint bond strengths. The laser parameters 
obtained surface textures as well as on the various dimensions of melt pool volume, grain 
sizes and diameter increase of the pin of the joint. The phase transformations also resulted 
in various microstructure properties on the samples. The interference fit pin was 60 mm in 
length and 9.8 mm in diameter. Surface textures were produced on the engagement length 
of 10 mm along the length of the pin. The results of the investigation obtained a range of 
textured diameter increases from 10mm to 10.8mm and surface roughness from 38.8μm to 
92.7μm. The insertion force values were between 0.91kN and 29.4kN and pull-out force 
values were between 0.15kN and 7.81kN. The process parameters which were the most 
significant for the diameter increase where the laser power and the percentage overlap of the 
laser spot. The surface roughness had a significant correlation with the focal position and the 
laser power on the specimen. The interference-fit joints achieved joints that safer compared 
with conventional interference fit joint. This was due to the fact that the bond strengths of 
joints had lower 95% error  bars of the specimens. These joints also exhibited  re-grip on 
excess loads compared with the traditional interference fit joint used in the automotive 
manufacturing industry. 
  
Chapter 1                                      
 
Laser Processing of Materials 
1.1 Introduction 
 
 Laser surface texturing is a commonly used method of surface treatment. This 
process has many benefits compared to current traditional methods of machining of 
materials. In the literature, there are investigations into applications for development of 
surface textures for a variety of purposes. However, there is lack of research for interference 
fit joints.  
Laser surface textures are used in applications such as cylinder liners and piston rings 
[1]. These components require a high load carrying capacity. This involves low friction 
contact surfaces for improvement of energy conversion and minimization of heat losses. 
Research in the use of this process can have many benefits to manufacturers in high volume 
processes, assembly, and disassembly and repair of components. Investigations of the 
process will enhance the efficiency of the operation of vehicles.  
In the manufacturing sectors, steel materials in transport and structural design must 
meet safety and performance requirements. High mechanical strength is needed for many 
interference fit applications. Improvement of surface properties of metals can lead to broader 
range of applications. These include highly efficient energy conversion in transport vehicles 
and reduction of emissions of most vehicles.  
Obeidi et al. [2] reported that the laser micro-surface processing in the formation of 
a variety of surface texture geometries. Laser surface textured metals results in surface 
features for an improved lifetime due to surface finish and quality of joints. Surface textures 
also result in improvement on the joining forces for fixation of the pin and hub components 
for interference fit purposes. Press-fit as a joining method can obtain high joint strength and 
facilitate assembly and disassembly processes. Previous research of laser surface texturing 
has found further benefits of the laser process on surface quality of the parts. Laser surface 
textures improves to not only improve strength but prolong the service time of the parts. This 
is through the development of pin specimens that even after failure regrip the joint [2]. 
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  This process is beginning to gain more uses in the industry compared to other surface 
modification methods [3, 4]. Recent investigations of process parameters to produce surface 
textures  has led  to further improvements, for example improved hardness and examination 
of plastic deformations where the yield strength of the material is exceeded [5]. There is 
significant attention toward being able to precisely control the forces at the interface.  
This research project was focussed on developing an improved interference fit joint 
via laser surface texturing. The results showed that a high level of control can be achieved 
over the surface texture geometry and resulting interference fit bond strengths.  
 
1.2 Background of Project 
Laser melting transforms the melted region of the surface into the required surface 
texture. Laser surface texturing manufactures interference fit joints with textures of definable 
peak to valley heights and peak-to-peak widths. The laser processing method creates 
interference by the formation of pins with larger diameter and tight tolerances between the 
hub joint. This pin is then fitted into a smaller  diameter hub  which produces an interference.  
According to Gibson and Shi [6], the conditions of process measured and related to 
the performance of the process. The responses include surface temperature, laser surface 
intensity, temperature gradient of the material [7]. The substrate temperature before and 
during laser surface texturing is known to affect the resultant joint strength.   
In the literature, heat treatment of materials below the melting temperature can result in 
changes of the surface properties [8]. Laser melting at and above the melting temperature 
and subsequent solidification affects the strain rate of deformation during assembly and 
disassembly of the joints [9]. This gives different characteristics of the load-extension curves 
[10]. According to Katayama et al., the external loads can act on the pin and hub assembly. 
This contributes to failure of the joint when in service. This particularly occurs when pins 
and hubs of tight dimensional tolerance are utilised [10, 11, 12]. Specimens can have 
different degrees of plastic deformation dependant on different pin diameters of the joint 
[13]. The level of interference has the main impact on the process of deformation of the 
surface textures on the parts. Process parameters can be used to vary the dimensions such as 
the width and depth of the melt pools on the specimens.  
   
1.3 Statement of Research Investigation 
From past published articles, there is a lack of detailed examination of how the 
process parameters affect the laser surface texture and achievable interference fit bond 
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strengths [2]. Interference fit dimensions e.g the engagement area affect bond strength of the 
material. Surface textures that are consistent reduce interfering volume and reduce the level 
of assembly forces required [10]. Laser surface textures that produce large length scales are 
porous in structure. This can aid in the assembly of parts due to lower levels of interfering 
forces based contact area between the pairs of mating parts [14]. Development of press-fit 
parts in the automotive industry, often results machined parts that have inconsistent surface 
roughness topography of the specimens. This is an important consideration to effectively 
produce considerable increase in bond strength of the specimens. Investigations into laser 
surface textures is due excessive melting processes affecting repeatability and control over 
these surface textures of these interference fit applications.  
   
1.4 Summary 
In this study, laser processing parameters effects resulting surface finish and quality 
characteristics of the specimens was examined. This investigation involved production of 
clearly defined micro-surface textures of different structures over the surfaces of cylindrical 
geometries made of steel.  The melt surface and its relationship to the processing parameters 
was examined. The geometry of the surface textures obtained high roughness values on the 
pins. These were used in specimen characterization of surface properties. The experiments 
obtained different depths and widths of the grooves on the pin. In this project, the specimens 
these melt pool dimensions resulted in different ranges of assembly forces at the interface 
and surface qualities due to plastic deformations of the pin in the hub joints.  
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Chapter 2 
Literature Review 
2.1 Steel Properties 
Steel alloy properties have high strength that make it a good material choice for 
various applications and production methods. Steels such as carbon steels contain a variety 
of elements that include Mn, Si, Ni, Cu, Cr, Mo, V, and W. This give it a range of unique 
properties in interference fit applications. In the literature, the surface processing of steel 
affects this surface elemental composition. In the automotive industry, materials such as 
alloy steels are used because it is formable and possesses useful mechanical properties. 
Carbon steel is used by researchers for investigation due to its the high tensile strength. This 
makes suitable for laser manufacturing due to its relatively low embrittlement of the 
material.  
 Figure 2-1 shows the phase diagram of steel compositions. This shows phase states 
and the carbon contents at different temperatures [15]. 
 
 
Figure 2-1: Fe-C phase diagram showing phase variation with temperature and % C [16]. 
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2.1.1 Steel Properties 
 Steels have different categories of microstructure properties and chemical 
compositions including 1. Cementite Steels, 2. Pearlite Steels, 3. Martensite Steels, and 4. 
Ferrite Steels. 
 
Cementite Steels 
Cementite steel, noted as γ phase, has an Hexagonal Close Packed (HCP) structure 
which has high strength properties. Cementite steels Fe3C, have high cost of manufacture 
due to the high heating temperatures of the process. As well as being strong, cementite is 
also very hard and brittle. Cementite steels can contain Molybdenum, Silicon, Manganese 
and Nickel.  
 
Ferrite Steels 
Ferrite steels have an α phase grain structure that is Body Centred Cubic (BCC) and 
is a relatively soft phase. The as received state of steels is often in the form of ferrite to allow 
for the easy manufacturing of parts.  
 
Pearlite Steels 
Pearlite steels have a combination of  and γ phase produced upon cooling from the 
molten material. The microstructure has an Face Centred cubic (FCC) atomic structure. 
Pearlite is made up of fine particles of ferrite and iron carbide content. This gives the strength 
of the metal. Pearlite steels have higher ductility than other steels phase types. 
 
Martensite Steels 
Martensite steels have a chemical composition of β phase with a Body Centre Cubic 
(BCC) microstructure. This microstructure provides a high strength. Martensite has a fine 
structure. This results from rapid cooling, that is very hard. The phase has an intergranular 
structure that gives the macroscale high strength properties.  
 
2.1.2 Steel Types 
Steels are alloys of Fe and C and there are different types such as plain carbon steel 
with less than 2% carbon, low alloy steel, high alloy steel and stainless steels metals. There 
are various classifications of steel such as AISI and DIN [17]. The steel types and there 
percentage compositions can be classified according to their carbon content below: 
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Plain Carbon Steel 
Carbon steel has the lowest cost of manufacture. This is the most commonly used 
steel for many different applications in the industry. The microstructure can be classified 
into the subgroups which are low Carbon (less than 0.3% carbon), Medium carbon (0.3% to 
0.6%) and High carbon (0.6% to 0.95%) metals [17]. During its manufacture, if the carbon 
is greater than 0.6%, quenched hardened austenite steel is produced from the process. Carbon 
steels commonly used have designation from 1006 to 1050 for manufacture processes. The 
properies of different types of plain carbon steel and examples of typical metals are given 
below [18]: 
a) Low Carbon: This microstructure has less than 0.3% Carbon composition. Typical 
metals include AISI 1008, 1010, 1015, 1018, 1020, 1022, 1025 for the machining 
processes. 
b) Medium Carbon: This microstructure has a Carbon content between 0.3% to 0.6% 
compositon. Commonly used metals are AISI 1030, 1040, 1050, 1060 for  
manufacturing processes. 
c) High Carbon: This microstructure has a compositon of 0.6% to 0.95% Carbon 
content. Commonly metals used are AISI 1080, 1095 for manufacture. 
 
Alloy Steel 
Alloy steels are steels that other alloying elements along with Iron and Carbon 
content. This gives it benefits over plain carbon steels e.g. improvement of physical 
properties and manufacture of the material. These alloying elements include Sulphur, 
Phosphorous and Lead content. These elements aid the ease of manufacture of the metal. 
Alloy steels can be categorised into the following types: low, medium and high alloy steels. 
Low alloy steels contain less than 5% of the additional elements. Medium carbon steel 
contains between 5% and 20% content. High alloy steels e.g. stainless steel have greater than 
20% of other elements [18]. 
 
2.1.3 Microstructure Properties of Steel 
Studies of laser processing of materials have shown that the impact of residence time 
on the rate of cooling of the component. The rate of heating and cooling are important factors 
that result in particle arrangement and hence the microstructure of the part [19, 20]. In 
previously published papers, it was found that high residence times had surface textures that 
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are fine crystalline structure. In other results low residence times produced a coarse 
amorphous microstructure on the samples [21].  
Alloy steels that are know as high strength steels e.g. Stainless steel 316L has a high melting 
temperature of 1,723°K. The shielding gas cooling from this temperature can give a range 
of microstructures and surface properties. Laser processing and subsequent solidification of 
more than 103K/s gives a much finer grain microstructure and below a much coarser structure 
on the material surface [3]. The process parameters determine this rate of solidification and 
resultant material microstructure. Dhahri et al. [14] reported that the laser surface treatment 
can increase the extent of dendrites in the material. This gives it a much denser and grain 
size of the metal  
  
2.1.4 Phase Composition of Steel 
Vasumathy et al. [19] reported that austenitic stainless steels 316L has to fine grains. 
This phase microstructure gives it high strength and toughness in comparison to the 
martensitic and ferrite phase formation of the steel [22]. Therefore, austenitic steel phase has 
a much higher insertion forces during interference fit assemblies. Additional steel property 
include the tribological properties of the material. In research, it was found that carbon steels 
have lower cohesive forces that alloy steels between the particle. This steel property results 
in a much higher diameter increase due to laser melting and solidification of molten material. 
The processes of heating is also known to increase the carbon content in the metal. This is 
useful in the development of the meltpool and higher carbon content reduces the binding 
energy between the parts. The application of the laser parameters results in higher depth and 
spacing distance between the surface textures on the material. 
 
2.2 Laser Surface Texturing Process 
 The process parameters control the thermal input and melting process. Laser 
parameters that have the main effect include laser beam power, P, pulse repetition frequency, 
PRF, and percentage overlap, O.V [2]. In previous studies, an example of laser process 
parameter settings used in experiments of CO2 laser testing of stainless steel is shown in 
Table 2-1. 
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Table 2-1: CO2 laser processing parameters used for surface texturing [2]. 
Sample 
no. 
Power  
(W) 
PRF  
(Hz) 
Overlap 
(%OV) 
ω  
(rpm) 
VL 
(mm/min) 
Ov-1 500 300 0 71.6 14 
Ov-2 500 300 20 59.68 10 
Ov-3 500 300 -20 89.5 21 
 
Surface textures with different percentage overlaps i.e. the percentage amount between 
adjacent surfaces textures on the specimen. This overlap of scanning tracks provides 
different surface roughness on the samples. In research, components  in machining process 
investigated had cylindrical geometry. These are used because of ease of machining and 
distribution of haexagonal pattern across the surface of the specimen. These testing process 
as interference fit parts are usually of axisymmetric shaped geometry [3]. In that project, 
peak to valley depths and peak-to-peak widths were surface textured between cavities on the 
samples. The process was achieved by melting a surface volume on the specimen. The re-
solidified molten metal forms an increase in the pin diameter. This increase is essential for 
the interference-fit (press fit) application. Surface textures with a wide range of geometries 
were obtained from dimples to columnar and Moiré type structures. These depend on the 
laser operation but there is a lack of methodology or process maps for the manufacture of 
readily achieved for such joints.  
  
2.2.1 Laser Surface Modification Process 
 In experimental studies, Vladescu et al. [1] reported interference fit applications such 
as piston rings moving in cylinder liners. These were surface textured for improvement of 
sliding motion between the parts. The authors obtained periodic surface texture geometries 
between adjacent surfaces of parts. The experiment found that pillared structures on cylinder 
liners with lubrication had a significant engagement area on the reciprocating parts. Shum et 
al. [23] reported a laser formation of surface geometries on parts. The author also obtained 
surface textures can be in the form of dimples, Moiré, and pillars structures geometries on 
the specimens.  
 Laser micromachining of materials involves laser beam production of the phase 
change at the surface of the components [24]. According to Poprawe [3], laser irradiation 
produces melting and cooling at different rates on the surface. Laser surface modification 
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depends on the laser intensity (absorbed power density) and interaction time on the 
components. Commercial lasers that have short pulse length produce surface structures at 
length scales of micrometres and nanometres in size on specimen [25]. Laser processes can 
produce surface textures of a wide range of chemical properties and tribological properties 
[26]. These are formed at various thermal input transferred to the bulk material of the 
specimens. 
 
2.3 Laser Parameters 
According to Roy et al. [27], performed laser surface heat treatment with a CNC controlled 
continuous wave CO2 laser on a positioning stage. The author reported that various methods 
of formation of slightly higher surface roughness (e.g. to 3 µm Ra). This was performed due 
to higher laser energy surface absorption on the specimen [28]. Surface treatments that result 
in this effect include etching, pitting, and blasting. Ponce et al. [22] studied surface 
treatments for removal of surface layers. This improved the application of the laser beam of 
the component. Laser surface process produces a melt pool depth that depends on the 
translational speed underneath the laser spot. The melt pool depth, δ, can be calculated from 
the rotational speed, N and thermal conductivity of the metal workpiece, K below [3];  
𝛿 = √
2
𝑁𝜋𝐾
                                                            (2-1) 
 
2.3.1 Laser Wavelength 
The wavelengths of lasers used for material processing are shown in the Table 2-2. 
Lasers that have a shorter wavelength generally process more efficiently metallic surfaces. 
 
Table 2-2: Wavelengths of different lasers [16]. 
Laser Type Wavelength, λ (μm) 
Argon 0.488 
He-Ne 0.6328 
Nd: YAG 1.06 
CO 5.4 
CO₂ 10.6 
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2.3.2 Pulse Repetition Frequency 
Lasers can operate at different pulse repetition frequency, PRF. This can be 
controlled to define the number of pulses impingement on the sample. The pulse duration 
can be represented as the spot diameter, d, divided by the spot scan speed above the 
specimen. Pulse repetition frequency, PRF is defined as the inverse of the period. As given 
by equations 2-2 and 2-3 respectively below: 
Pulse duration, τ =
d
𝑉
                                         (2-2) 
Pulse repetition frequency, PRF =
1
Period
                        (2-3) 
Table 2-3 shows the pulse wave parameters of some commercial lasers. This includes the 
fundamental frequency, f and wavelength, λ of the lasers [29]. 
 
Table 2-3: Fundamental frequency range of lasers used for processing 
materials [16]. 
Laser 
 
Wavelength 
(μm) 
Fundamental 
frequency 
range, 
(MHz) 
Cavity 
length (mm) 
Number 
of modes 
He-Ne 0.6328 1700 1000 10 
Argon 0.50125 3500 1000 20  
CO2 10.6 3000 1000 20 
Nd: YAG 1.06 6000 100 40 
 
Pulse duration is a parameter varies with the energy density applied on the sample. This 
parameter changes the depth of the grooves on the specimen. The increase in pulse duration 
results in larger depths [16, 25].  
 
2.3.3 Laser Percentage Overlap 
Surface modification parameters that affect the groove dimensions and spacing of 
surface textures. The main parameters include spot scan speed, v, and laser spot diameter, d, 
on the material [30]. The situation of laser processing of a pin geometry involves rotation 
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and axial translation of the specimen. This scanning method is in order for the laser spot to  
distribute laser scanning tracks evenly on the pin specimen. For a pin of diameter D and 
rotational speed N, described that the laser beam speed along the surface in the tangential 
direction below (Kothandaraman and Rudramoorthy [10]): 
vt =
π D 𝑁
60
                                                       (2-4) 
Laser traverse speed in the longitudinal direction can be calculated according to the 
relationship below: 
vf = d × N × (1 − O. V)                                            (2-5) 
Bartkowska et al. [30] reported that the distance between the grooves and laser spot diameter 
expressed as the percentage overlap of the sample. The laser scanning speed, 𝑣  is the 
resultant of the laser tangential speed, 𝑣𝑡 and the laser traverse speed, 𝑣𝑓 of the laser during 
the process. The laser scanning speed, v, can be calculated as follows: 
𝑣 = √𝑣𝑓2 + 𝑣𝑡2                                                     (2-6) 
The laser scanning method consists of a variable translational speed and rotational speed on 
the workpiece [31]. This creates grooves of various angles and geometries on the 
circumference of the work piece.  
 According to Obeidi et al. [2] the percentage overlap can be represented in terms of 
the PRF, rotational speed, ω, the spot size, d and diameter of the workpiece below: 
O.V = [
𝑃𝑅𝐹×60×𝑑
𝜋×𝐷×𝜔
− 1] × 100%                                          (2-7) 
This can be written in terms of the translational speed of the laser beam in the axial 
direction on the workpiece in the equation below [2]: 
VL = 𝑑 × 𝜔 × (1 − 𝑂. 𝑉)                                             (2-8) 
The percentage overlap, O.V, of the spots result in the formation of surface textures of 
different widths and positions on specimen. Figure 2-2 shows a surface texture geometry 
with peak-to-peak widths and the peak to valley depths of the surface textures on specimens 
[2, 32]. 
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Figure 2-2: Schematic of overlap of surface textures for (a) H > W, and  
(b) H < W on the surface of the samples [33]. 
 
2.3.4 Laser Power 
The laser power, P, can be defined as the laser energy supplied to the material for a 
specific pulse repetition frequency. The equation of the laser power is given below: 
𝑃 =
E
PRF
                                                         (2-9) 
The laser power density is the ratio of the power applied to the surface area of the workpiece 
during the laser surface texturing process. The power density is known as the irradiance, I 
on the specimen. 
 
2.3.5 Laser Mode 
 Laser pulse mode is a parameter that affects the melt depth of the process. This can 
be used to vary the distribution of pulses on the material. There are two types of laser modes 
that determine the wave structure of the laser beam below [16, 34]. 
1. Continuous Wave Propagation: This laser mode has a higher spatial and temporal 
consistency. This gives it a high depth of processing into the material. With this laser mode 
lower energy is used to process a given volume of the workpiece. This wave propagation is 
suitable for drilling, cutting, and machining of specimens. 
2. Pulse Wave Propagation: This laser mode has a lower temporal consistency due to its 
dependence on pulses and changes in frequency. This propagation gives it a more refined 
control of the depth of the process on the surface of the material. This mode of wave 
propagation is suitable for polishing, surface texturing and heat treatment of materials. 
 
2.3.6 Laser Focal Position 
 The focal position is defined as the height of the objective of the laser above the 
workpiece. This is the position of the laser that focusses the laser beam on the sample. This 
laser results in a laser spot radius of w(z) that is a function of the focal position from the 
(a) (b) 
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initial spot radius of wo on the material. Lasers have a spot radius that is related to the focal 
position and spot diameter as shown below [16]: 
w2(z) = wo
2 [1 + (
λzf
πwo2
)
2
]                                      (2-10) 
where w(z) is the spot radius that depends on focal position, wo is the initial beam radius, 
and λ is the wavelength of the laser. Figure 2-3 shows this schematically.  
 
 
Figure 2-3: Experimental schematic of focusing of the 
laser beam on the surface of the material [31]. 
 
The process parameters that can be adjusted before the process are the focal position and 
resultant spot size. These parameters contribute to the resultant surface texture dimensions. 
 
2.3.7 Laser Spot Size 
Spadaro et al. [35] reported that the spot size affects the laser power density and surface 
structures geometries. For the circular beam at the wavelength, λ, focal length, f and beam 
diameter, B, results in minimum spot size in the equation as follows: 
𝑑𝑚𝑖𝑛 = 2.44𝑓𝜆/𝐵                                                    (2-11) 
 
2.3.8 Laser Spot Radius 
 The laser spot radius, wo can be calculated for a Gaussian distribution in the equation 
shown below [16]: 
wo =
2λf
B
                                                             (2-12) 
where λ is the wavelength of the laser radiation, f is the focal length of the objective, B is 
the beam diameter of the objective of the laser, and wo is the laser spot radius. The laser spot 
size can be related to the laser beam diameter in the equation below [16]: 
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f
zf
=
B
dmin
                                                     (2-13) 
𝑑𝑚𝑖𝑛 =
zf B
f
                                                       (2-13) 
where f is the focal length, B is the beam diameter, dmin is the spot size and zf the focal 
position above or below the sample surface. The laser spot size can adjust depending on the 
distant between the laser nozzle and samples surface. 
 
2.3.9 Laser Assist Gas Composition  
 According to results of Peng et al. [36], the composition of the assist gas affects the 
quality of the laser micromachined material. A laser with an assist inert gas flow reduces 
oxidation due to the avoidance of oxygen from the surrounding atmosphere on the specimen. 
A sample in the presence of high temperatures would otherwise react with the oxygen to 
form an oxide layer. Therefore, inert gas atmosphere e.g. nitrogen or argon are used for 
stainless steel 316L. An example of laser processing with an inert gas is shown in Figure 2-
4 [37]. 
 
 
Figure 2-4: Schematic of laser material processing with inert gas [16]. 
 
2.3.10 Pulse Energy 
In laser manufacturing processes, the laser energy density depends on the laser power 
on the surface of the specimen. The laser energy density, Ed used during the process and the 
process parameters can be related for a given surface area of the workpiece as [31, 38]: 
                                       h = 𝑑 (1 −
𝑂.𝑉
100
)                                            (2-14) 
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𝐸𝑑 =
𝑃
𝑉ℎ𝑡
                                                          (2-15) 
where d is the laser spot size, O.V is the pulse overlap, P is the laser power, h is the spacing 
distance, V is the laser scanning speed above the workpiece and t is residence time. In the 
equation, h is defined as the distance between the consecutive peaks or valleys of the surface 
textures on the substrate surface. The laser process produces a uniform distribution of 
hexagonal arrangement of laser pulses on the specimen Romano et al [39]. 
 
 
2.3.11 Residence Time 
 The laser residence time is the time the laser energy is supplied to the surface before 
cooling with the assist gas to the specimen Chikarakara et al [40]. According to Kumar et 
al. [41], the residence time, t calculated in the equation shown below: 
t =
d
v
                                                                (2-16) 
2.4 Factorial Design 
Factorial design of experiments is a method used to examine the process parameters 
(also called factors) to the output responses. In this method, the effects of the variable 
parameters and their levels as well as their interactions can be assessed. In the method, the 
experiments are performed with different combinations at “k” number of levels and “n” 
number of parameter [42]. ‘DesignExper’t is a software package that enables examination 
of experimental inputs and outputs according to the Design of Experiments (DOE) or 
Response Surface Methodology.  
The polynomial correlation is found using the least squares and step-wise regression 
of the significant factors at 95% confidence interval (α = 0.05) in order of fit of the results. 
This is given by the formula below with the error between experiments and model, ε of in 
the equation below: 
𝑦 = 𝑓(𝑥1, 𝑥2, … , 𝑥𝑘) + 𝜀                                                (2-17) 
where k is the number of variables used for the laser surface texturing experiment. This 
response surface method can be run as two-level, full or fractional factorial points (2k or 2k-
1) for a central composite design (CCD) to provide predictions of the design space.  
This factorial analysis runs with center points that are replicates of number of runs 
or the factorial design. 
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1) Replicated center points measure pure error for the lack of fit test. A lack of fit shows 
close the model fits the data.  
2) For a block the central composite design the design is desirable. Block orthogonality is 
independent of the effects of the factors. Reducing the number of centre points will adversely 
affect these properties. 
3) The number of centre points gives an almost uniform precision designs. Results with 
fewer the number of centre points increase the error in the design space. 
 
To ensure that the design space are accurately modelled with the replicates, the number of 
centre points. This ensures that the analysis of the design can be performed with the model 
of the factors. The model of design space predicts the effects of the factors on the response. 
A Gaussian beam the process is modelled with a smooth curve of the data and minimum 
error that is orthogonal of the parameters. This should be used in the fractional factorial 
experiment and full factorial of odd number factors 
 
2.5 Average Surface Roughness 
The surface roughness depends on the translation speed and the cutting radius i.e 
(diameter increase/2) of the laser microsurface process. This relation was determined for 
machining process. It is accurate representation of the laser microsurface processing [41]. 
The measurements were subsequently calculated for the surface roughness of the 
samples [43]. The process was repeated three times for the average surface roughness and 
confidence intervals of the specimens. The equation for the average surface roughness of the 
material is given below: 
𝑠 = 𝑣𝑓 × 𝑁                                                        (2-18) 
𝑅𝑎 = 0.321 (
𝑠2
𝑟
)                                                  (2-19) 
where s is the scanning rate and r is the radius of the cylindrical bar used for the laser 
surface texturing experiment. 
 
2.6 Interference Fit Joints 
            Structural designs in the transport and manufacturing industry involve numerous 
parts assembled of different complex geometries. Research has led to new joining methods 
because of the precision and load carrying capacities of these parts [44].  Parts can have a 
range of size and strength requirements according to specific design requirements. The 
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interference fit parts operate in severe conditions. Therefore, it is required for functions e.g. 
prevention of leakage of piston cylinders, bearings, and seals in automotive applications. 
Therefore, interference fit parts require a high sealing performance for a long service life 
[12, 15]. Figure 2-5 shows interference fit parts used for sealing of viscous substances [45]. 
 
 
Figure 2-5: Stainless steel rotor hubs used for sealing  
of viscous substances [46]. 
  
Figure 2-6 shows the joined parts consist of flanges made of wrought steel 410 for gas 
sealing. These facilitate maintenance and are low in cost to produce in the transport industry. 
They operate at both atmospheric and high temperature for seals of gas for vessel 
applications. These parts are made with low interference values in the range of micrometres 
to nanometres. The sensor rings were manufactured from wrought stainless steel 410L and 
434L. The interference fit joints during the insertion of a pin into the hub joint can result in 
damage of the hub material. Laser processed parts with an outer layer of oxides minimise 
the effect on press fit rings on the shafts in vehicles [46]. 
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Figure 2-6: Wrought steel (a) flanges and (b) sensor rings using for  
sealing within of structural parts [46]. 
 
 
2.6.1 Interference Joining of Pin and Hub Components 
 The interference joining method requires no adhesive, solvent and fasteners and is a 
cost-effective method of assembly. The method of joining consists of snap and press fit types 
[47, 48, 49, 50]: 
(a) Snap-fit: The snap-fit assembly is used for high volume manufacture of components 
without any disassembly of the components. In the snap-fit designs, parts of the moulded-in 
joining method bend for interference between the component. This is performed when it is 
position before assembly of the components. 
 Figure 2-7 below shows the snap-fit parameters including beam length, L, beam 
height, h, undercut depth, Y, insertion angle, α, the retention angle, β and the radius, R on 
the surface of the joint. 
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Figure 2-7: Snap-fit schematic of the (a) annular and (b) cantilever designs of 
components and the dimensional parameters [51]. 
 
(b) Press-fit: Press-fit joints interference to ensures the assembly of the parts. Due to the high 
loads required, the method of assembly can fracture of the components during the fixation 
of the shaft into the hub joint. Figure 2-8 below shows the press-fit to produce interference 
between the outer diameter of the shaft and the inner diameter of the hub of the joint. 
 
 
Figure 2-8: Press-fit schematic of the components and parameters of the joint [51]. 
 
2.7 Insertion and Pull-out Forces 
The joint force of a pin inserted into a hub assumes a negligible diameter and a 
infinitesimal length e.g. a copper wire. This models the behaviour of micro-surface textures 
at the interface of pin and hub joint similar to a copper wire. From initial results of 
experiment by the author Ubani et al [52]. This approximation relates to theoretical results 
of previous research. The equation given by the author for a copper wire is given below 
composed of the side and lower surfaces of the cylindrical joint [53, 54]. 
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                                            𝐹𝑚𝑎𝑥 =
𝜋𝑑2
4
𝜌𝑅𝜎𝑓 + 𝜋𝑑𝑙𝑅𝜏𝑅                                   (2-20)    
where σf is the tensile strength, τf is the shear interface strength, d is the diameter, 𝑝𝑅 is the 
ratio of actual bonded area and the total lower surface area and lR is the actual bond length 
of the specimen. The actual bond length is represented in terms of insertion and removal 
length. These are the incremental distances the pin moves during assembly and disassembly 
with the hub joint. 
The interference fit joint produce fixation of the pin in the hub, Fa, axial force 
(insertion length) and Fn, normal force (removal length) on the interference fit pin. The joint 
force, F, for grooves of height, e, and width, c, of surface textures is calculated in the 
equations below [53]. 
𝑝𝑅 =
𝑒
𝑐
                                                         (2-21) 
𝐹 =  𝑝𝑅𝐹𝑎 + 𝐹𝑛                                                  (2-22) 
 
2.8 Steel Applications of Interference Fit Joints 
Steels used for products in commercial applications have high strength and durability 
of the components. For commercial applications steel materials often have comparable 
mechanical properties to e.g. stainless steel alloys 304 and 439 types of wrought steels. The 
joints can withstand deformations. These joints when properly utilised prevent crack 
formation of the material [52].  
 
2.9 Summary 
As shown in Table 2-4, laser proceses are used wide variety of surface texturing applications. 
The purpose of the study was to understand the effects of laser texturing process parameters 
on the resultant interference press-fit joint of mild steel samples. Specifically, this work 
determines the effects of process parameters on the surface profile of mild steel EN3B. The 
resultant textures can be related to the optimum performance interference fits joints of 
textured pins.  
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Table 2-4: Micro-manufacturing performance varies surface textures sizes and process 
rates of materials [38]. 
Process Principle 
Minimum 
Feature 
Size Tolerance 
Production 
Rates  Materials 
Micro-
extrusion 
Plastic 
deformation 
by force 50μm 5μm 
High/mass 
Fair Ductile metals 
Micro-
moulding/ 
casting 
Melting and 
solidification 
by heat 25-50μm 5μm 
High/mass 
Fair 
accuracy Polymers/metals 
Mechanical 
micro-
machining 
Chip 
formation by 
force 10μm 1μm 
High 
MRR 
High 
accuracy 
Metals/ 
polymers/ 
ceramics 
Micro-
EDM 
Melting/ 
breakdown 10μm 1μm 
High 
MRR 
High 
accuracy 
Conductive 
materials 
Excimer 
laser 
Ablation by 
laser beam 6μm 0.1-1μm 
Low MRR 
High 
accuracy 
Polymers/ 
ceramics 
Short-pulse 
laser 
Ablation by 
laser beam 1μm 0.5μm 
Low MRR 
High 
accuracy Almost any 
Focused 
ion beam 
Sputtering 
by ion beam 100nm 10nm 
Very low 
MRR 
High 
accuracy 
Tool-steels, 
nonferrous, 
plastics 
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Chapter 3 
 
Materials, Methods and Equipment 
3.1 Introduction 
This study examines the effects of laser processing parameters on the resultant 
surface texture dimensions and the interference joint bond strength. The measured effects 
include the increase in the insertion diameter and the surface roughness. These were 
processed using the parameters such as the laser power, P, focal position, zf and scanning 
speed, v at different levels on the specimens. The study involved statistical analysis of the 
response surface models of the process parameters and error of the experiment. The work 
involved initial screening experiments to select the process parameter range before carrying 
out the full factorial design of experiments. The main laser powers applied were 300 , 400, 
500 W, percentage pulse overlaps of -20, 0 and 20%, and a laser focal position 1.5 mm 
above, below and on the specimens. The specimens were investigate in insertion and pull-
out tests. 
 
3.2 Materials and Equipment 
3.2.1 Sample Preparation 
10 mm diameter pin steel samples were sectioned to 60 mm length as shown in Figure 
3-1 by a Buehler Abrasimet 2 abrasive wheel cutter. The hub samples had an internal 
diameter of 10.05mm and an external diameter of 30mm with thickness of 10mm length of 
the specimens. The dimensions of the prepared interference fit parts are detailed in appendix 
A.2. 
 
 
Figure 3-1: 60 mm steel pin insertion before the laser texturing.   
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The material examined was mild steel, EN3B. Table 3-1 lists the chemical composition of 
the as-received rods used in this experiment. 
 
Table 3-1: Chemical composition of mild steel EN3B used for tests. 
Element % 
C Si Mn P S Cu Ni Cr Mo Fe 
0.188 0.135 0.578 0.023 0.058 0.177 0.111 0.067 0.012 98.65 
 
 
3.2.2 Surface Roughening of Specimens 
  Since most metals are highly reflective to high wavelength lasers such as CO2 laser, 
the surface of the metal samples was roughened for a better absorption of the laser radiation. 
The chemical and physical properties listed in Table 3-2 [55, 56]. 
 
Table 3-2: Chemical properties of the sandblasting particles [43]. 
Chemical 
composition 
(Soda-lime 
glass beads) 
SiO2 Na2O MgO Fe 
<75% <15% <5% <1% (max. by 
weight) 
Physical 
properties 
Specific 
gravity 
Bulk 
density 
Weight Size (Honite 13) 
2.4 to 2.6 1.5 g/ccm 25kg 106 to 212 (μm) 
 
The surface roughening was carried out with sandblasting media from Guyson Honite-13, 
(see Figure 3-2). The technical specifications of the sandblasting media are further detailed 
in Appendix A.3. 
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Figure 3-2: Sandblasting media Guyson Honite-13 used for preparation 
of the cylindrical pin insertions. 
 
3.2.3 Laser Surface Texturing Experiment  
A CO2 laser system, ROFIN DC-015, was used in this work. Table 3-3 lists the 
technical information and specifications of this system. The laser parameters examined in 
the study were the laser power, P, the percentage overlap ratio, OV and the focal position, 
zf. Argon gas was used as an assist gas at a pressure of 0.3 MPa on the specimen. This was 
delivered in line with the laser beam for the protection of the laser optics and to reduce the 
oxidation of the molten material.  
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Table 3-3: CO2 laser specification used for laser surface texturing of the mild steel [59]. 
Laser Medium CO2 gas 
Wavelength 10.6 μm 
Maximum Average Power 1.5 kW 
Beam Diameter 32.33 mm 
Focal Length 125 mm 
Pulse Mode TEM10 mode 
Beam Quality 3.8 
 
The CO2 laser beam of 16.1 mm diameter with a TEM00 mode was focused with a 125mm 
focal length lens and a spot size of 200 µm. This value can be calculated according to the 
equation 2-10 for laser spot size discussed below [16, 60, 61]: 
𝑑𝑚𝑖𝑛 = 2.44 × [(0.125 × 10.6 × 10
−6)/0.03233] × 2 = 0.2 × 10−3m          (3-1) 
 
A preliminary assessment test was carried out of the process parameters and their significant 
values. Figure 3-3 shows the experimental set up used in experiments. 
 
 
Figure 3-3: Laser system setup used for scanning of the specimen engagement length. 
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This CNC machine provides translation in the horizontal x and y directions. The motion of 
the positioning stage is controlled by the machine CNC. This provides a variable speed of 0 
to 5000 mm/sec. The rotational motion of the sample was provided by means of a variable 
speed DC motor as shown in Figure 3-3.  
  
3.2.4 Scanning Method Setup 
The sample was placed in the variable speed DC motor spindle. The positioning stage 
was moved to the coordinates (0,0) below the laser. This was performed using the X, Y 
controls on the Rofin unit. The positioning stage was moved during process with 10 mm 
length on the pin in the X direction. 
Laser scanning involved numerous grooves being produced on the cylindrical pin during the 
process. Melt pools developed had a distance, a, between the adjacent pools and laser spot 
size, d, that are elliptical in shape. This was observed at high scanning speeds due to the laser 
spot being on the surface for a finite time period of the process. This is as the sample moves 
beneath the laser.  
Figure 3-4 gives the position of the various parameters. This describes the design of 
scanning pattern of the grooves on the workpiece. 
 
Figure 3-4: Schematic of the dimensions of the laser spot scanning  
on the samples. 
 
The laser scanning speed determines the distance, a, of surface textures. These layers overlap 
each other and the width, d, of the surface textures on the processed material. 
 
3.2.5 Preliminary Test 
 The test involved screening the parameters using visual observation for increase of 
diameter, consistency of surface textures and reduction of oxidation of the samples. The 
parameters examined were the laser power, the focal position, the percentage of the 
overlapped laser pulses, the assist gas pressure and the pulse repetition frequency. The 
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process parameters were always set to be slightly above the melting point in order to avoid 
any over-melting, oxidation and the loss of the material.  These three parameters at three set 
levels were selected for experimental work, i.e. the laser power, the percentage overlap and 
the focal position. A response surface method of 27 experiments using 3 factors and 3 levels 
for full factorial design of experiment model was implemented for the experimental work. 
Figure 3-5 shows the setup of the laser processing of cylindrical samples and the direction 
of the overlap of the surface textures on the samples.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-5: Schematic of the laser processing method of  
the cylindrical samples. 
 
3.2.6 Design of Experiments  
The parameters and their levels were prepared in Design of Experiments (DoE) using 
response surface methodology design. This was used for optimising of the laser power, focal 
position and percentage pulse overlap. The study involved a full factorial analysis of 
specimens with n factors and k levels of the parameters. The design of experiments consisted 
of experiments using factorial experiment of the parameters. Therefore, for analysis of laser 
power, focal position and percentage overlap, there were 27 runs. The investigation was used 
to study the effects and interactions of the parameters on the responses. The parameters were 
used to develop a method process map of the optimum levels. 
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Table 3-4 shows the control panel settings used for laser surface texturing of the cylindrical 
pins. The responses measured were the diameter increase, surface roughness and average 
insertion and pull-out force of the samples. Table 3-5 list the nominal values of the 
parameters is summary form. 
 
Table 3-4: Process parameters and control panel settings used for the 
laser surface texturing of the specimens. 
Sample 
No. 
P  
(W) 
zf 
(mm) 
O.V 
(%) 
Duty 
Cycle 
(%) 
τ  
(ms) 
PRF 
(Hz) 
1 500 -1.5 -20 50 8.06 100 
2 500 0 20 50 12.00 100 
3 400 1.5 20 50 12.10 100 
4 500 0 0 50 10.00 100 
5 300 0 0 50 10.00 100 
6 500 1.5 0 50 10.08 100 
7 400 -1.5 -20 50 8.06 100 
8 300 0 -20 50 8.00 100 
9 400 -1.5 0 50 10.08 100 
10 400 1.5 0 50 10.08 100 
11 300 -1.5 0 50 10.08 100 
12 300 1.5 -20 50 8.06 100 
13 500 1.5 -20 50 8.06 100 
14 500 1.5 20 50 12.10 100 
15 400 0 20 50 12.00 100 
16 400 0 0 50 10.00 100 
17 400 1.5 -20 50 8.06 100 
18 500 -1.5 20 50 12.10 100 
19 400 0 -20 50 8.00 100 
20 300 -1.5 -20 50 8.06 100 
21 300 0 20 50 12.00 100 
22 500 -1.5 0 50 10.08 100 
23 400 -1.5 20 50 12.10 100 
24 300 1.5 20 50 12.10 100 
25 300 1.5 0 50 10.08 100 
26 300 -1.5 20 50 12.10 100 
27 500 0 -20 50 8.00 100 
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The factorial design enables a polynomial equation to be generated relating the input process 
parameters to the resulting outputs of the experiments. A cubic model was suggested for 
surface responses in the fit summary as adequate to determine the effects and interactions of 
the parameters. The response surface method was used for optimising the process 
parameters. This involved using 3 input variables (factors) to measure the response from 
experiments. The statistical significance of laser parameters was also be calculated from the 
Design of Experiments. 
 
Table 3-5: Factors settings for the Response Surface Model. 
Factor Process 
parameter 
Units Lower 
Level 
Mid-
Level 
Higher 
Level 
A Power W 300 400 500 
B F. P mm -1.5 0 1.5 
C O. V % -20 0 20 
 
3.3 Measurement of Diameter Increase and Average Roughness Parameter 
The diameter increase measurements were taken with a Vernier calliper at 3 intervals 
across the laser surface textured samples. These were averaged to give the result. The 
measurement instrument had a resolution of 0.05 mm. The surface roughness was 
determined using the equation for a CNC milling machine with a rotation speed, N and a 
translation speed, vf of a rotating spindle in equation 3-8.  
 
3.4 Surface Topography Measurements 
3.4.1 Chemical Etching 
Specimens were prepared and cleaned with ethanol before microscope measurements 
of the surface. The chemical etchant was composed of 1-5ml HNO3, this was used to prepare 
nital solution of 5% by volume solution for the specimens. This was poured into the ethanal 
solution until there were gas evolution, this surface preparation consisted of nital solution 
etch of 5% HNO3 for 10 minutes on the sample, details are shown in Table 3-6.  
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Table 3-6: Etchants used for surface treatment of the specimens 
for the microscope measurements [33]. 
Etchant Composition Volume Use 
Nitric 
acid 
(nital) 
HNO3 
Ethyl or 
Methyl 
alcohol 
 
1-5 ml 
 
100 ml 
Etching rate increased or selectively 
decreased with amount of HNO3. 
SWAB for a few second to 1 min. In 
carbon steels: (1) to darken pearlite and 
give contrast between pearlite 
colonies; (2) to reveal ferrite 
boundaries; (3) to differentiate ferrite 
from martensite 
 
Chemical etching removes layers of grain boundaries and structures from the surface of the 
samples. The surface condition before observing under the microscope is an important factor 
for analysis of the specimens. This can used to clearly observe the phase structures.  
 
3.4.2 Microscope Measurements 
 The Keyence VHX 2000E 3D microscope was used to take images of the samples. 
These were used to analyse the microstructure of the surface of the specimens. The 
equipment has a resolution of 0.1μm. The samples were placed on the XY stage of the 
microscope. This had a high-performance objective for images at 100μm resolution with a 
large depth of microstructure of the parts. The microscope objective was positioned at 90º 
angle to the surface. The measurement of the surface roughness parameters and the 
morphology were then processed with image processing software ImageJ. This microscope 
was used for analysis of the characteristics of surface roughness of the samples is shown in 
Figure 3-6.  
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Figure 3-6: Schematic of the Keyence VHX 2000E microscope  
used for measurement surface topography of samples. 
 
3.4.3 Measurement of Texture Angles, Peak to Peak Widths, Peak to Valley Depths 
Parameters 
The surface profile affected the strength of the fabricated interference fit joints. The 
parameters produced profiles of different dimensions on all of the 27 samples. The 
microscope observed effects of the process parameters on the surface topography of the 
specimens. Figure 3-7 shows the schematic highlighting the measurements taken of the 
surface topography of the specimens. This was using the ImageJ software for image 
processing of the specimens.  
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Figure 3-7: Schematic of (a) dimensions, texture angle and pitch and (b) peak to peak 
widths and peak to valley depths of the interference fit pin. 
 
3.5 Insertion and Pull-Out Test 
 The insertion and pull-out tests were carried out on Zwick Z-50 testing machine The 
test was performed with the Zwick TestXpert simulation software for insertion and pull-out 
forces of the samples.  Figure 3-8 shows testing machine programmed to apply an insertion 
load at a rate of 5mm/min on the pin specimens. This resulted in deformation of the 
specimens. The insertion and pull-out test resulted in low strain rates according noted 
standards in the Appendix C.1. 
 
 
Figure 3-8: Schematic of the Zwick Z-05 testing machine used to measure the insertion 
and pull-out forces of the specimens.  
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Chapter 4        Results 
 
4.1 The increase in diameter 
 From visual observation, the sample diameter significantly increased with the levels 
of the process parameters. The experiments resulted in a diameter increase ranging between 
10.2mm to 10.8mm.  
The following equation was obtained by the DoE model correlation of the input 
processing parameters. This was applied for the range of increase in the sample diameter as 
an output. This equation of diameter increase can be used to predict the effects of the 
parameters but not with a high level of precision of the results. This was determined with an 
insignificant p value of 0.0626, adjusted R-squared of 0.3698 and Predicted R-squared value 
of -0.0472 and does not have agreement. The deviation that can be found in this equation 
from the experimental results could be explained by the interpolations used in the DoE 
software and the interpolation applied when calculation the processing parameters. The 
stochastic nature of the process is highlighted here in that not every model can predict the 
output of this process. Further experimental points and results could be used to increase a 
DoE predictive accuracy, see discussion in Chapter 5. 
 
Diameter increase = 15.9284 + -0.0180556 * Power + -1.82469 * F.P + -0.0319444 * OV 
+ 0.0027963 * Power * F.P + 0.000127778 * Power * OV + 0.00361111 * F.P * OV + 
3.53704e-005 * Power2 + -0.832922 * F.P2 + 0.00199537 * OV2 
 
Table 4-1 lists the measurements of average increase in the insertion diameters, Davg and the 
standard deviation, σavg of the 27 samples. The results show that the settings of laser power 
P, focal position zf, and the percentage overlap O.V correlation on the increase in the pin 
diameter. The focal position and the percentage overlap were the most significant on the 
response of the diameter increase of the samples. The model of the diameter increase shows 
a strong fit with the measured response of the samples. This shows that each parameter had 
a significant effect on the surface response of the diameter increase of the specimens.  
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Table 4-1: Measured insertion diameter and predicted values as a function of the 
process parameters. 
Sample 
No. 
P 
 (W) 
zf  
(mm) 
O.V 
(%) 
Dactual 
(mm) 
Dpred 
(mm) 
Error  
(mm) 
1 500 -1.5 -20 10.7 14.8 4.1 
2 500 0 20 10.7 17.2 6.4 
3 400 1.5 20 10.2 12.7 2.6 
4 500 0 0 10.8 15.7 4.9 
5 300 0 0 10.4 13.7 3.2 
6 500 1.5 0 10.3 13.2 2.9 
7 400 -1.5 -20 10.5 14.1 3.6 
8 300 0 -20 10.4 14.4 3.9 
9 400 -1.5 0 10.3 13.6 3.3 
10 400 1.5 0 10.4 11.4 1.0 
11 300 -1.5 0 10.3 13.3 3.0 
12 300 1.5 -20 10.1 10.9 0.8 
13 500 1.5 -20 10.2 13.3 3.1 
14 500 1.5 20 10.5 14.8 4.3 
15 400 0 20 10.4 15.5 5.1 
16 400 0 0 10.3 14.4 4.0 
17 400 1.5 -20 10.1 11.7 1.6 
18 500 -1.5 20 10.7 15.8 5.1 
19 400 0 -20 10.5 14.8 4.3 
20 300 -1.5 -20 10.3 14.1 3.8 
21 300 0 20 10.4 14.6 4.2 
22 500 -1.5 0 7.0 14.5 7.5 
23 400 -1.5 20 10.5 14.6 4.1 
24 300 1.5 20 10.1 11.4 1.3 
25 300 1.5 0 10.0 10.3 0.3 
26 300 -1.5 20 10.5 14.1 3.6 
27 500 0 -20 10.5 15.9 5.4 
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Figure 4-1 shows the response surface plots for the effect of the power, focal position and 
overlap ratio on the increase of diameter.  A clear correlation between the increase in 
diameter and lowering the laser beam focal position was observed for the specimens. This 
was due to the increase in the thermal energy applied and the larger observed resultant melt 
pool.  
 
Figure 4-1: Effects process parameters on diameter for (a) laser power and focal position 
and (b) laser power and percentage overlap. 
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4.2 Measurements of the Surface Roughness 
 The surface roughness was calculated by using the method explained in section 2.7.  
The measured surface roughness exhibited a clear correlation with the input process 
parameters for all different levels. The DoE model shows a significant analysis represented 
by the p-value of 0.05. The following mathematical equation of the model of surface 
roughness to predict the effects of process parameters. The model shows a p value of 0.0857 
is significant in for analysis of the process parameters. The results also have an adjusted R-
squared of 0.8769 and predicted R-squared value of 0.7898 agreement. This model predicted 
that the results of the process parameters effects on the experiment with precision. 
Surface Roughness = 58.0473 + -0.0351683 * Power + 8.47419 * F.P + -1.15767 * OV + 
-0.0143501 * Power * F.P + 0.000379863 * Power * OV + -0.101202 * F.P * OV + 6.5876e-
006 * Power2 + 3.29185 * F.P2 + -0.00164707 * OV2 
Figure 4-2 shows the response surface plot of the surface roughness of the processed 
samples. The graph shows that the surface roughness decreases as the laser beam focal 
position is near the sample surface. Moreover, a clear reduction in the surface roughness was 
observed with the increase of the scanning tracks overlap. This result can be explained by 
the re-melting of portion of material from the previous scan track on the specimens. These 
laser scanning grooves interfere with the current track rather than leaving un-processed gaps 
in the case of the negative overlapping scanning scenarios. The zero focal position scenario 
(focus on the surface) means the application of the maximum thermal energy density on the 
specimen. This produces less amount of pores on the surface.   
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Figure 4-2: Effects of the process parameters on surface roughness for (a) percentage 
overlap and focal position and (b) percentage overlap and laser power. 
 
4.3 Effects of Measurement of Texture Angles, Peak to Peak Widths and Peak to 
Valleys Depths  
  Table 4-2 lists the texture characteristics for six samples. This shows the maximum 
and minimum forces during the assembly and disassembly test.  
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Table 4-2: Surface texture dimensions from insertion and 
removal tests of pin into the hub joint. 
Sample  
No. 
Peak to 
Peak 
Widths, 
RSm (μm) 
Peak to 
Valley 
Depths, 
Rq (μm) 
Texture  
Angle, 
θp 
(degrees) 
Aspect 
Ratio, 
S/R 
Profile  
Type 
1 241 ± 10.1 431 ± 49.1 60.0 1.79 Ridged 
3 269 ± 6.68 473 ± 0.5 61.6 1.76 Ridged 
9 253 ± 16.8 473 ± 67.8 61.8 1.87 Ridged 
15 241 ± 3.98 435 ± 5.2 61.6 1.81 Textured 
21 228 ± 4.45 413 ± 17.4 61.0 1.81 Ridged 
23 259 ± 16.5 451 ± 47.6 29.3 1.74 Ridged 
 
The investigated showed two types of texture, the Ridged texture in which a clear texture 
angle and the Textured where there is no texture line on the specimens.  
Figure 4-3 shows the two types of surface profiles from experiments of the laser processing 
parameters. 
 
 
Figure 4-3: Specimens shows sample (a)15 at 400W and (b) 21 at 300W                                
                  and constant percentage overlap and focal position 
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Based on the images gained from the optical microscope, the surface topography on the 
macroscopic level for both samples no. 15 and 21 are similar. Similar focal position and 
percentage overlap was used with laser beam power of 400 and 300 W respectively. This 
process resulted in transition of morphology from dimple-type textures to ridged surface 
topography 
 Figure 4-4 shows the average peak to valley depths of the surface texture for the 27 
samples. This indicates a small variation in the measured values except for samples no. 24 
and 25 where negligible diameter increase of 10 and 10.1mm in the texture height was 
produced.  
 
 
Figure 4-4: Graph of the average peak to valley depths of  
surface texture of the specimens. 
 
Figure 4-5 shows the peak to peak widths for the 27 samples. The figure indicates a limited 
variation in the measured values.  
 
40 
 
 
Figure 4-5: Graph of the average peak to peak widths of  
the surface textures of the specimens. 
 
4.4 Insertion Force and Pull-out Test Results 
The test result were divided according to the highest, average and lowest insertion and pull-
out forces. This was to investigate the material's ability for resistance to deformations and 
failure of the joint. The insertion and pull-out force correlation was calculated using the 
correlation coefficient R2 of the regression line for spatial parameters. Figure 4-6 shows a 
3D plot of the effect of the laser beam power and focal position on the resultant insertion 
force for a 0% overlap. 
 
Figure 4-6: Effects laser power and focal position processing parameters  
and the insertion force. 
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4.4.1 Lowest strength insertion 
Figure 4-7 and 4-8 show the plot of insertion and pull-out forces. These define of strain in 
the material. The samples exhibited a continuous and significant grip between the mating 
parts during the removal test. Compared to the traditional press-fit joint which suffer from 
sudden failure, this performance provides safer working conditions for the specimens. This 
gave a pre-notice of the joint failure to the operator. This was to stop the machine and replace 
the joint.    
 Figure 4-7 shows the insertion force of the lowest strength samples from experiments 
of the pin and hub joint. 
 
Figure 4-7: Graph showing the range of insertion values of  
the lowest strength samples. 
 
Figure 4-8 shows the pull-out forces of the samples that had the lowest strength upon 
removal of the pin from the hub joint. 
 
Figure 4-8: Graph of the range of pull-out forces of  
the lowest strength samples. 
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These test results were obtained with a diameter increase of 10.3 ± 0.1 mm. Figure 4-9 
shows the lowest strength specimens which had the average of the insertion and pull-out 
forces of the range of specimens. This resulted in an error bar of 95% confidence interval of 
the insertion response of the pin and hub joint. 
 
 
Figure 4-9: Graph of insertion and pull-out forces of (a) samples 2 at intermediate strength                          
                   and (b) samples 14 at lowest strength test. 
 
The test results obtained an average surface roughness of 14.02 ± 8.29μm due to high 
plastic strains of specimens. The samples shows of the analysis is reproducible effects of the 
process parameters on the surface roughness. 
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4.4.2 Intermediate strength insertion 
Figure 4-10 and 4-11 show the insertion and pullout test results of the samples that show 
significant plastic deformation with relatively higher bond strength than that in the previous 
section.  
 Figure 4-10 shows the insertion test results of the sample that had intermediate 
strength between the pin and the hub joint. 
 
 
Figure 4-10: Insertion force measured over insertion length of  
the intermediate strength samples. 
 
Figure 4-11 shows the pull-out test results of samples that had intermediate bond strength 
during the removal of the pin from the hub joint. 
 
 
Figure 4-11: Pull-out force measured over removal length of 
 the intermediate strength samples. 
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The pull-out test results showed a diameter increase of 10.5 ± 0.1mm. This obtained a 
correlation on the increase of diameter of specimens. The following Figure 4-12 shows the 
specimens which had average insertion and pull-out forces with the 95% error bar confidence 
interval. 
 
 
Figure 4-12: Graph of insertion and pull-out forces of (a) sample 27 and (b) sample 24 that 
that were the intermediate strength specimens using test. 
 
4.4.3 Highest strength insertion 
Figure 4-13 and 4-14 shows the insertion and pull-out test results of the samples. These 
samples had the highest insertion and removal forces. The samples show low strain rates but 
high insertion forces due to tests of the specimens.  
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 Figure 4-13 shows the insertion test results of samples that exhibited the highest 
strength of insertion of all the samples. 
 
 
Figure 4-13: Insertion force over the insertion length that  
had the highest strength samples. 
 
Figure 4-14 shows the samples that obtained the highest bond strength during removal of the 
pin from the hub joint. 
 
 
Figure 4-14: Pull out force over the removal length that  
had the highest strength samples. 
 
The insertion test results obtained average diameter increase of 10.5 ± 0.033mm. Figure 4-
15 shows the highest strength specimen. These samples were measured an average of the 
46 
 
insertion and pull-out forces of range of specimens. This resulted in an error bar used of 95% 
confidence interval of the responses of the pin and hub joint. 
 
 
Figure 4-15: Graph of the insertion and pull-out forces of (a) sample 18 and 
(b) sample 11 that were highest strength samples using test. 
 
The ranges of insertion and pull-out test results obtained an average surface roughness of 
13.2 ± 14.6μm from the specimens. 
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Chapter 5  Discussion and Conclusion 
 
5.1 Analysis of Process Parameters on Diameter Increase 
In this study, a CO2 laser beam was employed in the pulse wave operating mode. Laser beam 
in the pulse operating mode was used to melt a controlled layer thickness from the steel 
sample surface. This involved the rotational movement, the resulting centrifugal force and 
the overlapping scanning tracks of the molten material. The laser scanning is relocated and 
created a controlled and predicted surface texture increase in the cylindrical sample diameter. 
This diameter increase utilises the interference press-fit assembly. The laser beam power, P, 
range applied was 300 to 500 W. Two other parameters were also used. Those are, the laser 
beam focal position, F.P, and the percentage overlapping, O.V of the laser scanning tracks. 
The latter processing parameter was applied in both the peripheral and longitudinal 
directions with the same value. Figure 5-1 shows the correlation coefficient, r of the relation 
between the three processing paraeters and output resulting response. This represented by 
the increase in the insertion diameter. 
 
 
 
 
Figure 5-1: Correlation coefficient of the input processing parameters  
and the resulting diameter increase. 
 
It can be observed that each of the parameters have a significant effect on the diameter 
increase of the specimen. The process parameters such as the laser power and focal position 
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were the most significant factors effecting the response. From the results table, it can be 
concluded that the optimal configuration was the laser power of 500W, focal position of 
1.5mm below the surface and percentage overlap of 20% of the spot on the specimen. This 
resulted in a maximum diameter increase of 10.8mm. Moreover, Figure 5-1 indicates that all 
the processing parameters have a strong correlation with the increase in the insertion 
diameter for the working range level. The laser power showed a 0.54 correlation on the 
increase of diameter of the specimens. This can be explained by the over-melting and the 
large melt pool size generated at the high levels of 500 W. In this case, some of the molten 
material is prone to be ejected and removed due to the centrifugal force and the gas ejection 
on the specimen. This resulted in a reduction in the texture height. Both the focal position 
and the percentage overlap show a direct proportional correlation with the diameter increase. 
This can be explained by the build-up of the new material coming from the current scanning 
track from the previous one. It is also clear from this Figure 5-1 that the processing 
parameters levels showed strong correlation with the diameter increase. 
  
5.2 Analysis of Process Parameters on the Surface Roughness of the Samples 
Figure 5-2 shows that the percentage overlap has a strong correlation with the surface 
roughness of the samples. The other two processing parameter showed less strength 
correlation at the working level of these parameters. 
 
 
Figure 5-2: The correlation coefficient of the input processing parameters  
and the surface roughness measured. 
49 
 
These were close to each other enough not for a wide variation in the surface roughness. 
This shouldn’t be a problem because the focus in this study was to achieve the higher 
diameter increase. The processed samples showed that the maximum diameter increase at 
20% overlap. As explained earlier, this was due to the build of the molten material in the 
current scan track on the specimen. The previous track and the fact that they are rigidly 
(mechanically and chemically) bonded on the specimen. This is by re-melting 20% of the 
solid material. From Figure 5-2, the overlapping scanning tracks exhibited an inverse 
correlation with the resultant surface roughness of the textured surface. This means that the 
un-processed gaps between the consecutive tracks resulted in a deep valleys and waving of 
surface textures. This observed compared to the raised texture peaks. The resultant surface 
roughness range obtained in this experiment was from 28 to 87 microns. 
 
5.3 Laser Processing Regime 
The surface modification had a range of conditions from heating to significant melting of 
the Mild Steel EN3B using the CO2 laser. The melt pool for three characteristic samples and 
process parameter levels are displayed below: 
 
 
Figure 5-3: Laser processing regimes for three different samples processed at (a) 1.85 
MJ/mm2 (b) 2.23 MJ/mm2 and (c) 0.186 MJ/mm2 laser energy densities. 
 
Figure 5.3 (a) shows sample 24 had dimple surface textures uniform distribution across the 
specimens. Figure 5.3 (b) shows sample 11 has the onset of the development of columnar 
grains in the melt pools. Figure 5.3 (c) shows sample 27 has a considerably large grain 
structure due to the higher laser absorption on the specimen. Thus increasing the depth of 
the melted material in comparison to the other samples with higher laser energy densities on 
the specimen. Samples 24 and 11 showed a lower deviation of the depth of the melt pool due 
to the lower variability in the geometry of the melt pool on the materials. 
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 As can be observed for the samples there are three different regimes of laser 
interactions that include heating, melting and significant melting of the pin specimens. The 
laser beam absorption of the bulk material by the three specimens was mainly the cause as 
it acts as the medium for heat transfer from the surface. The laser overlap percentage and 
focal position had a significant contribution to these laser processing mechanisms. Figure 2 
(a) was processed at 20% percentage overlap and a hatch spacing of 0.161mm. This gave it 
a lower depth of processing and high laser energy density and a hardened depth during the 
laser heating regime. Figure 5.3 (b) was developed at 0% percentage overlap and spacing 
distance of 0.2mm. This resulted in a lower grain depth and melt pool with some changes to 
the structure of the bulk material. Figure 5.3 (c) was laser scanned at -20% overlap for a 
distance between scanning tracks of 0.24mm on the pin specimen. This was in the laser 
melting regime as the previous sample. Due to the extensive depth and laser absorption 
produced much higher residual streses and crack formation by the surface and the 
surrounding bulk material. As can be observed there is considerable redistribution of the 
surface for the formation of the melt pool. The laser energy density resulted in wear of the 
surface without any mass loss due to evaporation of the pin specimen. 
 
5.4 Phase transfer and the oxide layer  
The microstructure exhibited an oxide layer which are hard metal grains on the surface 
(shown in the Figure 5-4) due to the high cooling rate during the laser melting and re-
solidification. The main role of the assist gas was to mitigate the oxidation effect on the 
specimen. This was to protect the laser optics from any raising fumes. The oxide layer 
formations is not avoidable because the process is carried out in an open environment and 
the assist gas is diluted by air. The thickness of the oxide layer depends on the laser power 
level and the scanning speed in which the laser-material interaction time (residence time) is 
related. The higher the oxide layer thickness the more brittle the surface texture and the 
easier to break during the insertion process.  
 
    
Figure 5-4: (a) Sample no. 2 processed with 500 W, and 20% OV, and 
(b) Sample no. 12 processed with 300 W and -20% OV. 
(a) (b) 
51 
 
The samples which exposed to high power level and long exposure time exhibit more oxide 
on the surface with the fracture of most of the textured material during the insertion process. 
As a result, no sufficient amount of material remain in the interface area and low clamping 
force is presented and thus the joint is easy to break. The following Figure 5-3 shows a 
comparison between sample no. 2 and sample no. 12. Sample no. 2 processed with the higher 
amount of thermal energy produced by 500 W, laser spot positioned on the sample surface 
and 20% OV. The darker colour compared to that of sample no. 12 which is processed with 
300 W, 1.5 mm above the surface and -20% overlap, is an indication of the brittle oxide 
layer. 
 
5.5 Insertion and Pull-out test 
Based on the removal test and the pull-out performance of the joint assembly. It can be seen 
in Figures 4-8, 4-11 and 4-14, that the failure of these insertions is safe compared to the 
traditional press-fit joint which in most cases suffer from sudden failure. There is continuous 
gripping of the pin inside the hub after the first failure point of the specimen. This offers a 
pre-notification to the operator. To stop the machine and replace the assembly.  
The insertion and pull-out forces studied using statistical analysis of each joint assembly. 
The test results show a strong correlation with the input processing parameters. This 
produced a range of insertion forces of 0.931kN to 29.4kN and pull-out forces of 0.15kN to 
7.8kN.  
 
5.5.1 Insertion and Pull-out Test for the Laser processing Regimes 
Removal test until failure of the surface textures produced friction in some specimens and 
led to flank wear in other specimens. The surface textures of the three different regimes 
had different friction coefficients between the contact surfaces given in Figure 5-5. 
 
 
Figure 5-5: Pull-out test results of the pins for (a) sample 24, (b) sample 11 and (c) sample 
27 in the three different laser processing regimes. 
52 
 
 
Figure 5-5 (a) shows that a translational speed of 5.1mm/min resulted in a smoother finish 
and hence no contact area in contact during removal tests. Figure 5-5 (b) shows at 
7.6mm/min that due to the columnar geometry of the contact surface there was some contact 
area between the mating parts. This resulted in strain of the surface of the specimen. Figure 
5-5 (c) shows that at 11.5mm/min due to the intergranular contact area there was significant 
wear of the surface that in the other specimen. This specimen had a lower oxidation residence 
due to the higher translational speed of the spot on the pin. This did not give enough assist 
gas flow to the specimen. Therefore, giving it the lowest oxygen percentage in the specimen. 
 The experiments were obtained an average joint force range of 20.2kN, 18kN and 
31.2kN of samples 24, 11 and 27 respectively. This shows that sample 27 laser processing 
regime had the highest joint force. Thereby giving more flank wear than the other samples 
but sample 11 gave a considerably high joint force without high friction coefficient on the 
contact surfaces. This sample maintained the joint and surface quality during the insertion 
and removal test. Samples with this microstructure are more wear resistance with a 
sufficiently high load carrying capacity during assembly and disassembly of the pin from the 
hub joint. 
  
5.6 Conclusion 
 In this study, a novel method for an interference fit joint was developed for 
automotive parts. The process is highly repeatable and predictable control and adjustment 
on the input processing parameters and the related output measured. CO2 laser beam was 
used during the process due to the wide application of the laser in both academia and 
industry. To the authors knowledge, the process can be carried out by using other types of 
laser like the fibre laser and similar results can be achieved if the same amount of input 
thermal energy was applied. The benefit of this new technique is the ability to apply the laser 
beam of selected positions on the sample surface and create the texture needed for the 
interference without damaging or affecting the neighbouring areas. Compared to the 
traditional method, the insertion is manufactured to a larger diameter than machined to the 
final interference fit dimensions. This may increase the total cost of the joint due to the usage 
of high precision machines in addition to the removal of valuable material.  
In future work, the process parameters require more optimization and new parameters (e.g. 
duty cycle) should be investigated to increase the accuracy and extent of process map 
information. New material might be also investigated based on specific application and 
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working conditions and the effect of the laser melting can also be examined accordingly. For 
example, the effect of the laser melting and re-solidification on the corrosion resistance, 
thermal residual stresses and the presence of microcrack. This was due to a much lower 
oxidation resistance due to the parameters. Therefore the observation of the microstructure 
after insertion and removal test had a more worn surface from the pin to the hub specimens. 
In further research the surface texture geometry and dimensions will be observed under 
microscopes due to parameter strongly affected the surface textures on the specimen. In the 
study, the duty cycle can also be investigated together in with other parameters in 
experiments. This could produce results on the affects of these parameters on the gas flow 
and hence the oxidation layer on the specimen. Another observation would be the effects on 
the laser interaction regimes that determine the residual stress and crack formation on the 
specimens. The study could result on investigations of the laser parameters not only on the 
oxidation layer but also on the geometry of the melt pool on the specimen. This could be 
used to produce a unique combination of geometry and residual stresses between the grains. 
This could result in a combination of crystallographic properties and layer directions on the 
interferring parts. This will give optimum joint strength characteristics of the specimens. 
There are numerous factors which affect the insertion and pull-out test. This responses will 
be considered such as melt pool geometry, dimensions and overlap of the scanning tracks on 
the specimen. The effect of the process parameters also affects the shielding gas flow that 
interacts with the melt pool depth. Results of these studies could produce further results on 
precise control of surface textures due to laser melting process. These tests and many other 
tests can only be carried out depending on a specific application due to high cost and long 
time needed. 
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Appendix A: Material Preparation 
A.1 Design Schematic of Interference Pin and Hub Joint 
(dimensions in metres) 
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A.2 Manufacturers Specification of Typical Carbon steel rods 
and Alloy steel Hubs  
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A.3 Sandblasting Media Specifications 
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Appendix B: Factorial Design of Specimen 
B.1 Factors for Response Surface Model of Parameters 
Power (W) 
 
F.P (mm) 
 
O.V (%) 
300 0 20 
300 1.5 20 
300 1.5 -20 
400 1.5 -20 
300 0 0 
300 -1.5 -20 
500 1.5 20 
300 -1.5 20 
400 -1.5 0 
400 -1.5 -20 
500 1.5 -20 
400 1.5 20 
400 0 20 
500 -1.5 20 
500 0 0 
400 0 0 
500 0 -20 
300 -1.5 0 
400 1.5 0 
500 1.5 0 
500 -1.5 -20 
500 -1.5 0 
400 0 -20 
400 -1.5 20 
300 0 -20 
300 1.5 0 
500 0 20 
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B.2 ANOVA Models of Diameter Increase 
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B.3 ANOVA Model of Surface Roughness 
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B.4 Input Parameters 
*  
 
 
 
 
 
 
Sample No. P (W) zf (mm) O.V (%) Io (kW/mm²)N (rpm)vt (mm/min)vf (mm/min)vs (mm/min)T Duty Cycle (%)D1 (mm) D2 (mm) D3 (mm) Davg (mm) σavg (mm)
1 500 -1.5 -20 1486 48 1500 11.5 1500 2117 50 0.0106 0.0107 0.0108 0.0107 0.00008
2 500 0 20 1483 32 1000 5.1 1000 1102 50 0.0106 0.0108 0.0108 0.0107 0.00012
3 400 1.5 20 1252 32 1000 5.1 1000 1147 50 0.0101 0.0102 0.0102 0.0102 0.00006
4 500 0 0 1474 38 1200 7.6 1200 1451 50 0.0108 0.0107 0.0109 0.0108 0.00010
5 300 0 0 914 38 1200 7.6 1200 1490 50 0.0104 0.0105 0.0104 0.0104 0.00005
6 500 1.5 0 1539 38 1200 7.6 1200 1502 50 0.0104 0.0103 0.0103 0.0103 0.00005
7 400 -1.5 -20 1215 48 1500 11.5 1500 2157 50 0.0106 0.0105 0.0104 0.0105 0.00010
8 300 0 -20 916 48 1500 11.5 1500 2168 50 0.0106 0.0104 0.0103 0.0104 0.00016
9 400 -1.5 0 1238 38 1200 7.6 1200 1509 50 0.0103 0.0103 0.0103 0.0103 0.00001
10 400 1.5 0 1221 38 1200 7.6 1200 1492 50 0.0104 0.0105 0.0104 0.0104 0.00007
11 300 -1.5 0 924 38 1200 7.6 1200 1503 50 0.0103 0.0103 0.0104 0.0103 0.00006
12 300 1.5 -20 945 48 1500 11.5 1500 2227 50 0.0101 0.0101 0.0101 0.0101 0.00000
13 500 1.5 -20 1562 48 1500 11.5 1500 2211 50 0.0103 0.0102 0.0101 0.0102 0.00008
14 500 1.5 20 1517 32 1000 5.1 1000 1120 50 0.0105 0.0105 0.0105 0.0105 0.00001
15 400 0 20 1220 32 1000 5.1 1000 1125 50 0.0105 0.0104 0.0104 0.0104 0.00006
16 400 0 0 1233 38 1200 7.6 1200 1504 50 0.0102 0.0104 0.0104 0.0103 0.00011
17 400 1.5 -20 1257 48 1500 11.5 1500 2222 50 0.0102 0.0101 0.0101 0.0101 0.00005
18 500 -1.5 20 1487 32 1000 5.1 1000 1104 50 0.0107 0.0109 0.0105 0.0107 0.00020
19 400 0 -20 1213 48 1500 11.5 1500 2154 50 0.0105 0.0106 0.0104 0.0105 0.00010
20 300 -1.5 -20 925 48 1500 11.5 1500 2186 50 0.0103 0.0104 0.0103 0.0103 0.00003
21 300 0 20 916 32 1000 5.1 1000 1126 50 0.0105 0.0104 0.0104 0.0104 0.00003
22 500 -1.5 0 1512 38 1200 7.6 1200 1481 50 0.0002 0.0104 0.0105 0.0070 0.00593
23 400 -1.5 20 1209 32 1000 5.1 1000 1117 50 0.0105 0.0105 0.0106 0.0105 0.00006
24 300 1.5 20 945 32 1000 5.1 1000 1153 50 0.0101 0.0101 0.0101 0.0101 0.00000
25 300 1.5 0 951 38 1200 7.6 1200 1538 50 0.0100 0.0100 0.0100 0.0100 0.00000
26 300 -1.5 20 909 32 1000 5.1 1000 1120 50 0.0106 0.0104 0.0105 0.0105 0.00010
27 500 0 -20 1510 48 1500 11.5 1500 290 50 0.0108 0.0106 0.0102 0.0105 0.00033
Max. 500 1.50 20.0 1562 47.75 1500 11.46 1500 2227 50.0 0.0108 0.0109 0.0109 0.0108 0.00593
Min. 300 -1.50 -20.0 909 31.83 1000 5.09 1000 290 50.0 0.0002 0.0100 0.0100 0.0070 0.00000
Avg. 400 0.00 0.0 1222 39.29 1234 8.08 1235 1512 50.0 0.0097 0.0104 0.0104 0.0102 0.00048
Std. Dev. 83 1.25 16.6 245 6.65 209 2.66 209 540 0.0 0.0026 0.0002 0.0002 0.0009 0.00148
P (W) F.P (mm) O.V (%) D (mm) P (W) F.P (mm) O.V (%) Ra (μm)
Gas N2 Laser CO₂ MaterialMild Steel EN3BMean 400 0 0 0 400 0 0 13
T (°K) 293  λ (μm) 10.6 Etube (N/m²)2.07E+11 Variance 6923 2 277 0 6923 2 277 151
Q (L/s) 0.05 τ (ms) 50 νtube 0.3 Observations 27 27 27 27 27 27 27 27
ρ (kg/m³)1.35kg/m3p (MPa) 0.2 ρ (kg/m³) 7900 df 52 52 52 52 52 52
patm 101300 PaPavg (kW) 1.5  Tm (K) 1744 t Stat 25 0 0 24 -6 -3
cp (J/kgK) 1042 f (Hz) 628 κ (W/Mk) 45 P(T<=t) one-tail 0 0 0 0 0 0
vp (m/s)388m/s d (mm) 0.2 αtube (1/K°)6.00E-06 t Critical one-tail1.67 1.67 1.67 1.67 1.67 1.67
z (m) 0.6m PRF (Hz) 100 к (m²/s) 4.00E-07 P(T<=t) two-tail 0 1 1 0 0 0
p (MPa) 0.2026 f (m) 0.125 α (°) 45 t Critical two-tail2.007 2.007 2.007 2.007 2.007 2.007
Surface ResponsesP (W) F.P (mm) O.V (%)
Ed (J/mm³)0.095 -0.277 0.163
T (°K) -0.0581 0.2208 -0.1928
D (mm) 0.5366 -0.551 0.15732
Ra (μm) 0.1163 0.3114 0.28106
Fa (kN) 0.3126 -0.523 0.16764
Fn (kN) 0.0903 -0.12 0.03432
F (kN) 0.3617 -0.189 0.08342
Gas and Material Parameters for Laser Processing
Input Parameters C.I = 95%
Gas Parameters Laser Parameters
Correlation Coefficient, r
Material Parameters
t-Test: Two-Sample Assuming Equal Variances for Measured Parameters
α =0.05
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B.5 Measured Parameters 
 
 
 
 
 
 
 
 
 
Sample No. τ (ms) ϵ (mm/mm) FL1(kN) FL2(kN) Ra1 (mm) Ra2 (mm) Ra (μm) RSm1 (mm)RSm2 (mm)Str c
1 8.06 0.0000179 29428 5800 382 480 6.2 221 261 1.73 1.84
2 12.00 0.0000218 18980 2807 430 448 15.0 236 251 1.82 1.78
3 12.10 0.0000219 914 1546 474 473 66.9 256 283 1.85 1.67
4 10.00 0.0000199 26812 3372 450 474 13.4 237 254 1.90 1.87
5 10.00 0.0000199 10016 5281 464 418 9.1 251 223 1.85 1.87
6 10.08 0.0000200 3523 1134 450 497 9.8 236 267 1.91 1.86
7 8.06 0.0000179 4242 902 495 483 20.0 265 254 1.87 1.90
8 8.00 0.0000178 5470 1122 486 427 8.4 261 259 1.86 1.65
9 10.08 0.0000200 5250 2568 405 540 5.8 217 288 1.86 1.87
10 10.08 0.0000200 2142 795 463 481 15.6 260 264 1.78 1.82
11 10.08 0.0000200 6479 3536 499 533 12.5 274 305 1.82 1.75
12 8.06 0.0000179 0 427 523 435 7.3 254 244 2.06 1.79
13 8.06 0.0000179 0 1473 477 398 7.0 261 231 1.83 1.72
14 12.10 0.0000219 3012 2316 394 390 28.1 220 218 1.79 1.79
15 12.00 0.0000218 14501 147 430 440 19.0 233 248 1.85 1.77
16 10.00 0.0000199 2303 442 452 459 23.8 239 247 1.89 1.86
17 8.06 0.0000179 2567 3497 537 505 13.0 288 271 1.86 1.86
18 12.10 0.0000219 7610 2376 374 608 4.7 210 383 1.79 1.59
19 8.00 0.0000178 5078 2048 487 384 6.1 254 218 1.92 1.76
20 8.06 0.0000179 5187 506 520 416 6.5 265 240 1.96 1.74
21 12.00 0.0000218 1752 7810 396 430 9.9 219 237 1.81 1.82
22 10.08 0.0000200 12480 1343 386 475 6.5 223 258 1.73 1.84
23 12.10 0.0000219 18692 2024 403 498 6.6 226 292 1.78 1.70
24 12.10 0.0000219 5331 2851 784 483 5.3 277 270 2.83 1.79
25 10.08 0.0000200 0 0 771 567 6.7 280 260 2.75 2.18
26 12.10 0.0000219 22240 0 466 406 8.0 243 260 1.92 1.56
27 8.00 0.0000178 10893 4673 457 479 14.1 235 222 1.95 2.15
Max. 12.10 2.19166E-05 29428 7810 784 608 66.9 288 383 2.83 2.18
Min. 8.00 1.78238E-05 0 0 374 384 4.7 210 218 1.73 1.56
Avg. 10.05 1.99101E-05 8770 2366 483 470 14.7 246 262 1.95 1.81
Std. Dev. 1.67 1.67206E-06 8921 2134 110 59 15.3 23 40 0.30 0.15
t-Test: Two-Sample Assuming Equal Variances of Output Parameters
P (W) F.P (mm) O.V (%) Fa (kN) Fn (kN)
Mean 400 0 0 19628 8330
Variance 6923 2 277 267930520 69199923
Observations 27 27 27 27 27
df 52 52 52
t Stat -6 -6 -6
P(T<=t) one-tail 0 0 0
t Critical one-tail 1.67 1.67 1.67
P(T<=t) two-tail 0 0 0
t Critical two-tail 2.007 2.007 2.007
Measured Parameters α = 0.05C.I = 95%
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B.6 Calculated Parameters 
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B.7 Output Parameters 
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Appendix C: Specimen Testing 
Specifications 
C.1 Testing Methods 
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C.2 Testing Apparatus Method and Specification 
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C.3 Test Specimens Specifications 
 
 
